A non-destructive approach to the sample treatment during the analytical process is one of the crucial advantages of the particle induced X-ray emission technique. Rare and precious environmental and space samples can be analyzed in order to evaluate concentrations of individual elements presented in specimens. A non-destructive analysis of two meteorite samples was carried out using 3 MeV protons incident in a narrow ion beam (1.5 mm diam.). GUPIXWIN software package was used for spectra evaluation. Concentrations of several elements (Fe, Ni, Cu and Zn) were determined and quantitative surface elemental distribution maps were constructed.
Introduction
The PIXE (particle induced X-ray emission) technique is specialized in quantitative determination of content of elements in various environmental, material and biomedical samples. It can be used for most of the elements, depending on the sample structure. The PIXE technique is considered as a non-destructive material analytical technique. This statement is valid within standard conditions. Obviously, if the intensity and energy of the incident beam exceed a certain level, then the analyzed material can be damaged even destroyed, especially thin samples. For low intensity beams (represented by the measured current in Faraday cup) at nanoampere levels and short measurement times, e.g. 10 min, the effects caused by incident particles are usually negligible. Details about PIXE technique can be found in [1] . Although several applications of PIXE technique in analysis of environmental and material samples have been carried out, its main potential in non-destructive quantitative elemental analysis of meteorites with visualization of elemental distributions maps has not been utilized yet.
Two meteorite samples were analyzed using the PIXE technique at the CENTA facility: Rumanová (Slovakia) and Canyon Diablo (Arizona, USA). The Rumanová meteorite find [2] comprised of one 4.3 kg piece of stone with a density of 3.53 g/cm 3 , and dimensions of 18.5 × 14.0 × 12.5 cm 3 . The meteorite showed an evident degree of weathering (as its terrestrial age is 12,000 years), as well as visible chondrules of different size and structure. The meteorite was classified as H5 chondrite with dominant minerals such as enstatite, olivine, kamacite, taenite and troilite [3] . It has already been analyzed using Mössbauer spectroscopy [3, 4] , gamma-ray spectrometry [5] and neutron activation analysis [6] .
The situation with the Canyon Diablo Arizona iron meteorite sample is more complex since the original material was enormous comparing to Rumanová meteorite. The Barringer Crater (named in the honor of Daniel Barringer, who was first to suggest that it was produced by a meteorite impact) is approximately 1200 m wide, 170 m deep and its age is 49,000 years [7] . Research in the last century described various aspects of its origin [8] [9] [10] , but relatively recent work [7] concludes that the meteor crater was formed by a highvelocity impact of a tight projectile swarm. A small fragment (14 g) was analysed using the PIXE technique at the CENTA facility.
The aim of the present work has been to develop a nondestructive PIXE technique for non-destructive quantitative analysis of elements in stone and iron meteorites, providing thus information on the surface distribution of elements presented in the samples, which allowed construction of surface distribution maps of elements. Such information is important, e.g., for calculations of cosmogenic radionuclide production rates [e.g. [11] ], as for some of the meteorites it is not possible to get samples for destructive bulk analysis (for example using ICPMS).
Materials and methods

Samples and preparation
The samples, their dimensions and detailed surfaces are shown in Figs. 1 and 2. The Rumanová meteorite sample is represented by a cut cube from the original material, while the Arizona meteorite is represented by a single 14 g fragment.
The samples should be analyzed non-destructively and there has not been possibility to adjust their original shape so they could be brought to a single form. The flat surface of the Rumanová sample could have been analyzed in more detailed manner, however, the Arizona meteorite was a fragment with very rough surface where it has been difficult to find suitable spots for multiple analyses.
In order to avoid contamination during handling of the samples a special approach for the sample attachment to the sample holder was involved. An easily moldable pad made of aluminum foil was attached to the sample holder using conductive double-coated adhesive carbon tape. Subsequently, the sample was slightly pressed into this pad. Such attached samples were installed into the PIXE chamber for analysis ( Fig. 3 ).
PIXE analysis
The PIXE technique at the CENTA laboratory has already been described in [12] , therefore here we shall present only short description. The 3 MeV proton beam was used for analysis. The beam size at the sample surface was approximately 1.5 mm. The beam size was controlled using the beam profile monitor and series of slits installed in front of the PIXE chamber. Also, a USB video camera, installed in the chamber to monitor the sample surface from the view of the incident beam, was used to control the beam size on the analyzed spot of the sample. Firstly, there was a glass pad mounted on the sample holder together with the sample so the geometry for the glass surface and the sample surface was the same. Secondly, the beam was focused using magnetic quadrupole triplet lens and collimated by using slits to achieve the diameter of 1.5 mm. This procedure was done on the glass pad because the incident ions induce luminescence effect and the changing beam shape can be observed using the video camera. Finally, after achieving desired beam size the sample was moved into the measuring position. The ions in the beam had Gaussian distribution around its centre.
During the measurements, an average beam current was approximately 100 pA. The total collected charge was 50 nC (the same for all analyzed spots), and the Ortec digital current integrator was used for its measurement. The current integrator was capable of collecting charge from low intensity beams, but the uncertainty in the region from 100 to 500 pA was 2%. The beam current measurements with intensity above 2 nA had the uncertainty of 0.5%.
Emission of secondary electrons from the sample surface was suppressed using a special electrode kept at negative potential of 400 V. The emitted X-rays were detected by the Canberra BEGe detector (model BE2825). This detector can operate in the energy range from 3 keV to 3 MeV, with energy resolution of 390 eV for 5.9 keV ( 55 Fe) and 1.8 keV for 1332 keV ( 60 Co). Overall 30 positions (spots) in a mesh with 3 mm step were analysed across the Rumanová meteorite surface. The detail of the analysed surface is shown in Fig. 1 . The brightness of the original photography ( Fig. 1 left) was slightly adjusted for better visibility of surface inhomogeneities. A black circle in photo taken from the chamber inside ( Fig. 3 , middle) represents beam size during the measurements. The second sample-Arizona meteorite-was measured in a similar way, but the analysis was more complicated. The photo of the Arizona sample surface (Fig. 2, right) was adjusted in the same manner as for the Rumanová sample. The X-ray spectra were processed using GUPIXWIN software package.
Absolute concentrations of Fe, Ni, Cu and Zn were calculated using microanalytical reference materials from USGS (United States Geological Survey). Firstly, these reference materials were analysed under identical conditions as the meteorite specimens. Afterwards, H values for elemental concentrations were calculated using GUPIXWIN software. Finally, these H values were used for concentration determination in the meteorite samples.
Analysis of reference materials
Each of 3 USGS reference materials were analysed under the same conditions (50 nC charge collection, 100 pA beam current). For each of this material the H values were determined corresponding to the certified values for individual elements. Then average H values were calculated and finally plotted into graph ( Fig. 4) . Some of the elements, namely Ti, V, Mn and Co exhibited high uncertainties due to high uncertainty in the area fitting process in GUPIXWIN.
These average H values were then used for verification of the PIXE spectrometer. For four elements of interest (Fe, Ni, Cu and Zn) the certified and determined values are compared in Table 1 . The BHVO-2G reference material did not contain copper.
Results and discussion
Rumanová meteorite
Each spot from 30 measured points was analyzed individually using the same parameters in GUPIXWIN. X-ray spectra were then fitted and information about individual peak areas was obtained. The concentrations of iron, nickel, copper and zinc were calculated (Table 2) , and distribution maps were created (Fig. 5 ). These results represent single spot measurements. The charge collected on one measured point was 50 nC.
The presence of any other elements was plausible since the GUPIXWIN fitting procedure was affected by high uncertainties. Each of the 4 investigated surface distribution concentration maps has its own scale to observe individual behavior of elements. Iron was measured in all analyzed spots, representing the most dominant element in the Rumanová meteorite as expected. The concentration varied between 30 and 65%. Nickel was also determined in all analyzed spots. Its concentration varied between 0.6-4.1%. Copper and zinc exhibited much lower concentrations, and in in several spots they were not observed. The copper and zinc contents were up to 0.16% and 0.2%, respectively, as shown in Fig. 5 . The concentration of iron in the Rumanová meteorite is higher when compared with previous analyses carried out by instrumental neutron activation analysis (INAA) which were described in detail by Kaizer et al. [6] . The meteorite samples were irradiated by thermal neutrons from a nuclear reactor, and produced radioactive isotopes were analysed non-destructively by HPGe gamma-spectrometry. In order to analyze radioisotopes with various half-lives, different approaches to the sample irradiation were conducted. The measurements were carried out after the short, medium and long-term irradiation (1 min, 12 min and 3 h). While a bulk sample was analyzed using the NAA, the PIXE analyses correspond to single points. The observed large differences have been due to Fe inhomogeneities in the Rumanová sample, which were also directly visible.
The iron content determined by INAA was 22.6 ± 0.5%, while in the presented PIXE analysis the concentration is up to 3 times higher, as three spots had the iron content between 60 and 65%. We believe therefore, that the higher Fe levels measured by PIXE were considerably influenced by Fe inhomogeneities in the Rumanová meteorite ( Fig. 5 ). In smaller content they could be also influenced by low resolution of the system as the peak area corresponding to the iron content (at 6.4 keV and 7.1 keV for K α and K β , respectively) was influenced by presence of chromium, manganese and cobalt. Unfortunately, it was not possible to resolve these elements in the PIXE spectra. Moreover, the insufficient energy resolution as shown in Figs. 6 and 7 (FWHM is 0.43 keV for 6.4 keV), had also an effect on the H-value evaluation process.
The nickel concentration determined by INAA was 1.26 ± 0.03%, in agreement with the PIXE analysis. The copper and zinc concentrations determined by INAA were 130 ± 20 ppm and 101 ± 3 ppm, respectively. Results of the PIXE analysis are in agreement with these values. The spectra in Fig. 6 represent single spot measurements as it is denoted by position number. These positions exhibited the highest concentrations of the specified elements.
The calculation of absolute concentrations of elements was thus affected with large uncertainties. Further, the experimental uncertainties were also influenced by uncertainties of the reference materials used for spectrometer calibration. The manufacturer specifies individual concentrations with uncertainties of 5-10%, depending on the element. The last source of uncertainties was the charge collection, as the Ortec digital current integrator collects the charge at low beam intensity with 2% uncertainty. Considering these facts, the total uncertainties for absolute iron concentration were approximately 15-20%. It is evident that inhomogeneities in the Rumanová meteorite ( Fig. 5 ) had the main influence on the distribution of the analysed elements. This negative aspect has, however, a positive value as well because it stresses the fact that when using chemical composition of meteorites, e.g. for calculation of production rates of cosmogenic radionuclides, we have to take this information into account.
One of the great advantages of the PIXE technique is its non-destructive approach. Such distribution maps in meteorites have not been done before as other mapping methods have always been using thin meteorite slices. The obtained quantitative distribution maps are of geological interest as they carry important information on distribution of elements in meteorites. They are also important from the point of view of future cosmogenic research with meteorites and lunar samples when bulk sample analyses should be replaced by mineral specific analyses accompanied by Monte Carlo simulations of production rates of cosmogenic radionuclides in specific minerals and not in bulk samples only.
Canyon Diablo meteorite
Because of the rough surface of this iron meteorite it was difficult to carry out multiple analyses. To illustrate the iron distribution on the meteorite surface, a transect with four spots was realised. The X-ray PIXE spectrum and GUPIX-WIN fit of the Canyon Diablo iron meteorite from Arizona is shown in Fig. 7 . Iron and copper were clearly observed, but other elements (chromium and nickel) are plausible. The spectrum presented is from the position #4. The low concentration of Fe enabled to clearly resolve the Cr content and higher concentration of Cu and Zn. Results of the analysis are presented in Table 3 . The iron concentration was as high as expected. In the position #1, it reached level of 52.2 ± 3.6%. But at the position #4 the concentration of iron dropped to 3.90 ± 0.47%. In this spot, however, the Cu and Zn contents were at maximum. The majority of this spot must be consisting of some lighter element, e.g. Al, which could not be resolved with the BEGe spectrometer. The contents of Ni and Fig. 7 PIXE spectrum of the Canyon Diablo meteorite with GUPIXWIN fit.
The PIXE/PIGE chamber in the CENTA laboratory is equipped presently only with a BEGe detector. This type of the detector does not provide high energy resolution in the X-ray region up to 30 keV compared to SDD detectors, but still can be used for the PIXE analysis. This disadvantage leads to higher uncertainties in evaluation of concentrations. The PIGE (Particle Induced Gamma Emission) analysis is planned for light elements where the BEGe detector will play an important role.
Conclusions
The absolute concentrations of Fe, Ni, Cu and Zn were determined in the surface of the Rumanová stone meteorite sample, and Fe and Cu were determined in the Canyon Diablo iron meteorite. The microanalytical reference materials were used for H-values calculation with the GUPIXWIN software. Surface distribution maps were calculated for 30 0.49 ± 0.08 3.9 ± 0.47 0.08 ± 0.01 0.69 ± 0.11 0.384 ± 0.073 analysed spots of the Rumanová meteorite sample. It has been found that inhomogeneities in the Rumanová meteorite had the main influence on the distribution of the analysed elements, what is important information when using chemical composition of meteorites, e.g. for calculation of production rates of cosmogenic radionuclides. The situation for the Canyon Diablo meteorite was different as the roughness of the sample deteriorated the PIXE analysis. The novelty of the present work has been in the development of the non-destructive PIXE technique for quantitative mapping of distribution of elements in stone and iron meteorites. A new Si spectrometer is been assembled in the PIXE chamber of the CENTA facility which will further improve resolution of X-ray measurements. The obtained quantitative distribution maps are of interest as they carry important information on distribution of elements in meteorites. They are also important from the point of view of future cosmogenic research with meteorites and lunar samples when bulk sample analyses should be replaced by mineral specific analyses accompanied by Monte Carlo simulations of production rates of cosmogenic radionuclides in specific minerals and not in bulk samples only [13, 14] 
